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The elicitation and inheritance of phenotypes from environmental cues has been researched and debated for decades. 1 There is now ample evidence that the epigenome is a key mediator of biologic response and adaptation of organisms to a wide array of natural environmental changes such as starvation, 2 diet, [3] [4] [5] temperature, 6, 7 and hyperosmotic stress. 8 However, whether these changes could be passed down to future generations and whether non-natural, i.e., man-made, cues could also elicit a transgenerational response largely remain to be clarified, especially from a mechanistic standpoint.
Since the identification of a transgenerational impact of exposure to the pesticide Vinclozolin, 9, 10 followed by similar findings with Bisphenol A (BPA) and phthalates, 11 DNA methylation has been proposed to be a central mediator of effect transmission since the various phenotypes observed in later generations beyond where a direct exposure could have occurred were correlated with an alteration of DNA methylation patterns. These findings also indicated a prominent role for germ cells since these marks could only be transferred to later generations via the germline. However, the extensive epigenetic reprogramming of primordial germ cells during early embryogenesis, where most CpG methylation is erased, 12 has been seen as a challenge in explaining how DNA methylation alone could be the mechanism of inheritance. Thus, these studies left a gap in our mechanistic understanding of environmental epigenetic inheritance and did not explore the involvement of other epigenetic marks beside DNA methylation.
Our work 13 sought to clarify the mechanisms of transgenerational effects of man-made environmental chemicals, while focusing on epigenetic marks other than DNA methylation. This was made possible utilizing the Caenorhabditis elegans model, which lacks definitive 5 mC DNA methylation, but shares a remarkable degree of conservation of histone modifications and of the machinery that regulates them. In C. elegans, core histones share 80% identical amino acid sequence when compared with human histones. 14 Additionally, some of the post-translational modifications of the C. elegans H3 (CeHIS3) and C. elegans H4 (CeHIS4) proteins have been shown to be identical to those in human H3 and H4 proteins. [15] [16] [17] Because of sequence conservation, it is hypothesized that C. elegans have direct orthologues of all the mammalian modification enzymes. 18 C. elegans can therefore provide further information to fill the existent gap in knowledge regarding environmental exposures and inherited effects. In our work, we decided to focus on exposure to BPA, a well-known plastic manufacturing chemical and endocrine disruptor. Previous studies showed that its exposure is linked to epigenetic alterations such as decreased DNA methylation in mice, 19 decreased DNA methylation in preadolescent girls, 20 as well as reduced concentration of H3K9me3 in mouse germinal vesicle oocytes. 21 These studies indicated BPA's ability to affect the epigenome in a variety of ways, and our research therefore aimed to clearly identify BPA's short-and long-term generational effects and the mechanisms behind them.
In sum, we uncovered a transgenerational effect on reproduction stemming from exposure to BPA that was mediated in part by a deregulation of repressive histone modifications. 13 To come to this conclusion, we first used a strain carrying a highly repetitive GFP transgene that is epigenetically silenced in the germline in a fashion that is reminiscent of the silencing of endogenous heterochromatin in the germline. Our assessment focused on the ability of BPA to disrupt the silenced state of the transgene in the germline that we could monitor and measure over several generations (see Figure 1 ). Results indicated a significantly higher repetitive array de-silencing effect in the germline after BPA exposure that 2 Epigenetics Insights endured for five generations. To further investigate the impact of ancestral BPA exposure on the germline, we performed RNA-seq analysis on germline tissue, which identified 264 transcripts that were significantly upregulated or downregulated in F3 germlines ancestrally exposed to BPA compared with dimethyl sulfoxide (DMSO). Gene ontology analyses of functional categories represented highlighted reproduction as a representative functional category, indicating a profound transgenerational impact of ancestral BPA exposure on the germline transcriptome, and ultimately germline function.
In addition to RNA-seq, we also performed ChIP-seq analysis in whole worms, which showed that the repressive marks H3K9me3 and H3K27me3 predominantly occupy the gene body of silenced genes and that H3K27me3 is significantly reduced in the gene body of BPA ancestrally exposed worms compared with the control groups. Comparing distribution of repressive marks along the chromosome axes showed reduction of both marks from the distal chromosomal regions, largely heterochromatic, and a slight enrichment in the chromosome centers when comparing BPA to DMSO. Noting these differences in the epigenome occur transgenerationally, our focus shifted back to the germline where the changes must occur in order to be inherited. Pachytene germline nuclei imaged by immunofluorescence showed a significant ~25% reduction in global H3K9me3 and H3K27me3 between DMSO and BPA. This transgenerational impact on repressive marks in the germline was not solely confined to the repetitive array but was also detectable on the autosomes and the X-chromosome. Since F3 germlines showed a strong alteration of their chromatin and transcriptome, we investigated whether these were associated with transgenerational reproductive defects. We indeed measured an increase in embryonic lethality in worms ancestrally exposed to BPA when compared with DMSO control. Additionally, we measured germline health by monitoring induction of germline apoptosis and observed a significant increase in apoptotic germline nuclei in F3 worms ancestrally exposed to BPA. This indicated that ancestral BPA exposure elicits a clear transgenerational reproductive dysfunction effect.
Finally, getting to mechanisms, we tested the causal relationship between the reduction in H3K9me3 and H3K27me3 germline levels and BPA-induced transgenerational outcomes. We believed that the dependence of these marks might involve the activity of enzymes that regulate them. This was supported by our own aforementioned RNA-seq data in which seven differentially expressed chromatin factors were identified. Since BPA appeared to reduce repressive marks, we focused on histone demethylases targeting H3K9me3 and H3K27me3 to attempt to rescue BPA's transgenerational effects. Using a feeding RNAi strategy targeting jmjd-2 (H3K9me3/H3K36me3 KDM) 22, 23 or jmjd-3/utx-1 (H3K27me3 KDM), 24 we were able to modulate and rescue BPA's transgenerational effects. The downregulation of jmjd-2 or jmjd-3/utx-1 through RNAi at the F1 to F2 transition increased the levels of H3K9me3 and H3K27me3 in the F3 germlines. The RNAi treatment also led to a rescue of BPAinduced reproductive dysfunction in the F3. To validate these results, we also performed drug rescue experiments using KDM4/JMJD-2 inhibitor IOX-1, which has been shown to elevate H3K9me3 levels in vitro and in cell culture settings, [25] [26] [27] and the potent selective Jumonji JMJD-3/UTX-1 H3K27 demethylase inhibitor GSK-J4. 28 Using the chemicals individually or in combination to inhibit both demethylases significantly decreased the germline array desilencing and embryonic lethality effects. These two distinct methods of rescuing BPA's transgenerational effects indicate that the activity of either JMJD2 or JMJD3/UTX1 is required for inheritance of BPA-induced reproductive effects. Our approach is what distinguishes our study from others. We did not use mutants where the initial response to the environmental cue would be abrogated. Instead, we used RNAi or drug exposure in such a way that the worms could respond appropriately to the cue first but then were prevented from transferring that information to the following generations. Therefore, our study is unique in its ability to discriminate between altered response and altered inheritance of effect.
Together, these results demonstrate the key role of repressive histone modifications, namely, H3K9me3 and H3K27me3, in the inheritance of reproductive dysfunctions induced by a welldefined environmental exposure. These findings shine a light on how artificial environmental exposures can be biologically integrated and transgenerationally inherited. Our work highlights the importance of comprehensively examining our chemical environmental for its potential effects on our germline 
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epigenome, which can in turn allow us to find interventional means to prevent transmission of effects to future generations.
Although our work begins to answer questions in the field of environmental exposure effects on future generations, currently there is not a single epigenetic mark that can be considered responsible for the transfer of environmental exposure effects from one generation to the next, and H3K4me3, H3K9me3, and H3K27me3 have all been implicated in that process. 29 This could be due to potential redundancy or crosstalk between specific marks although we cannot exclude the possibility that specific exposures may use distinct epigenetic mechanisms for their inheritance. Recent studies have highlighted the challenge of identifying a unifying mechanism of inheritance, if it indeed exists. For example, other C. elegans studies showed that starvation can cause transgenerational effects mediated through the generation of small RNAs that target genes important for nutrition. 30 Interestingly, histone modifications were also functionally connected to transgenerational effects and small RNA transfer. Indeed, in met-2 C. elegans mutants, which are defective in H3K9 methyltransferase, there is a progressive reduction in fertility that unfolds over 10 to 30 generations. 31 The argonaute factor hdre-1, associated with small RNAs, is required for the progressive sterility phenotype in the met-2 mutant. Thus, the authors proposed a model where MET-2 functions to suppress the transgenerational transfer of small RNAs via the regulation of H3K9me3, as a model of inheritance. Together, these recent studies show the importance of epigenetic mechanisms other than DNA methylation as vehicles for transgenerational effects and highlight the need to comprehensively examine distinct exposures and epigenetic mechanisms to improve our understanding of environmental memory.
Finally, our work as well as that of others point to another important question. For phenotypes that are present in the soma of later generations, how is the information, likely epigenetically encoded as demonstrated by our efforts, transferred from germ cells across developmental and differentiation stages to affect adult cell types, altering their cellular programs and function. Such a complex question is also best addressed in C. elegans where the location and timing of each cellular differentiation event are well described. Thus, while there is still much work to do, our current studies are helping to create guidelines based on model organisms and standardized approaches that will in turn allow us to understand the underlying intricate mechanisms of environmental exposure effects unraveling across generations.
